PCR-based techniques are widely used to identify disease causing bacterial and viral pathogens, especially in point-of-care or near-patient clinical settings that require rapid results and sample-to-answer workflows. However, such techniques often fail to differentiate between closely related species that have highly variable genomes. Here, a homogenous (closed-tube) pathogen identification and classification method is described that combines PCR amplification, array-based amplicon sequence verification, and real-time detection using an inverse fluorescence fluorescence-resonance energy transfer technique. The amplification is designed to satisfy the inclusivity criteria and create ssDNA amplicons, bearing a nonradiating quencher moiety at the 5 0 -terminus, for all the related species. The array includes fluorescent-labeled probes which preferentially capture the variants of the amplicons and classify them through solid-phase thermal denaturing (melt curve) analysis. Systematic primer and probe design algorithms and empirical validation methods are presented and successfully applied to the challenging example of identification of, and differentiation between, closely related human rhinovirus and human enterovirus strains.
Introduction
Infectious disease molecular diagnostics (MDx) promise rapid and accurate detection and quantification of pathogens at a nucleic acid (genome) level [1] . Modern clinical pathology labs routinely use MDx methods to analyze patient samples to identify known pathogens or the unique genetic markers within them [2] . Such capabilities have been made possible by substantial scientific advances in the field of genomics, the development of nucleic acid amplification testing (NAAT) [3] , DNA microarrays [4, 5] , and more recently, next-generation DNA sequencing (NGS) [6, 7] methods. Nevertheless, there still remains an urgent global need for even more comprehensive MDx tests that provide affordable, rapid, actionable results and compatibility with point-of-care (PoC) workflows [8, 9] .
Today, PCR-based platforms dominate the PoC testing landscape [10, 11] . In many cases, these platforms offer sample-to-answer results with "hours" turnaround times. However, when compared to microarray or NGS platforms, they offer limited multiplexing and mutation (i.e. SNP and indel) detection capabilities. For example, by utilizing different fluorophores, one can increase the multiplexing up to 8, but hardly beyond [10, 12] . Also, by implementing allele-specific primers or fluorogenic probes, one can only check for sequence variations in a region (typically 3-6 nucleotides), but cannot report with high confidence the exact base change or the precise coordinates [13, 14] . Current NAAT PoC technologies also often fail to identify closely related pathogen species, or fall short when it comes to genotyping strains based on their drug resistance mutation profile. These are major shortcomings that limit the utility, adoption and ultimately the overall impact of NAAT technologies. It is important to note here that it has been shown that through addition of post-PCR amplicon analysis techniques (e.g. microarrays [15] and denaturing gradient gel electrophoresis (DGGE) methods [16, 17] ), one can improve the base calling accuracy of NAAT methods; however such techniques, by and large, require additional complex steps and are therefore not compatible with PoC workflows.
Here, we present an NAAT method including primer/probe design algorithms and an array-based amplicon sequence verification technique that addresses the multiplexing and genotyping deficiencies of many PCR-based PoC tests, while retaining the core advantages of simple workflow and rapid turnaround time. This approach utilizes asymmetric multiplex PCR to amplify a related set of nucleic acids with primers that are designed to ensure amplification of all known sequence variations. This is followed by selective capture of the amplicons by solid-phase probes of an array within the same reaction chamber and discrimination among related sequences (e.g. two closely related species) via solid-phase thermal denaturing. Hence, the primers are designed to ensure inclusivity, and the solid-phase probes provide specificity. To allow a homogeneous and "closed tube" method (i.e. no wash steps or addition of reagents after amplification), we implement an inverse fluorescence technique [18, 19] that relies on fluorescence-resonance energy transfer (FRET) [20] . PCR primers are 5 0 -labeled with a nonradiating quencher and solid-phase immobilized probes are 3 0 -labeled with a fluorophore.
In this work, we demonstrate the feasibility and practicality of the proposed NAAT method by identifying and differentiating between human rhinoviruses (HRVs) and human enteroviruses (HEVs), which is a challenging task for conventional NAAT methods. Although both are significant respiratory pathogens, HEV infections can spread to secondary target organs and it is therefore imperative to differentiate them from HRV in immunocompromised or young patients. Today, the MDx method of choice for detection of these viruses is RT-PCR-based NAAT with primers targeting the 5 0 -UTR of the viral RNA, a relatively conserved region within all members of the genus HEV (of which, HRV are members) [21, 22] . Nevertheless, sequence similarities between HRVs and HEVs complicate their differential detection and cause significant cross-reactivity [11, 23] . In the following sections, we detail our algorithms, methodology and experimental results addressing the above challenges.
Material and methods

Concept
We developed the NAAT detection method depicted in Fig. 1 to differentiate between closely related species or strains. The premise is to PCR amplify a common genomic region among the species, then apply a solid-phase probe array to detect and characterize the amplicon sequence and thus identify the species. As illustrated in Fig. 1A , the identification region is flanked by two common and minimally diverse regions, which act as landing sites for "universal" PCR primers, denoted henceforth by p R and p F . To enhance the solid-phase probe-amplicon hybridization kinetics, excess ssDNA amplicons (associated with p F ) are produced at the later stage of PCR amplification. This is ensured by making the concentration of primers asymmetric, i.e. p R ½ ( p F ½ [24] . To enable homogeneous (closed-tube) amplification and array detection, we have employed an inverse fluorescence transduction (IFT) technique [18, 19] . As shown in Fig. 1B , p F bears a dark quencher (nonradiating accepter) at its 5 0 -terminus, while the solid-phase oligonucleotide probes include a fluorophore (radiating donor) at their 3 0 -terminus. Based on this design, any ssDNA amplicon generated from elongation of p F includes a quencher. Thus, upon hybridization of the amplicon to the solid-phase probe, the acceptor is brought into close proximity of the donor to allow fluorescence resonance energy transfer (FRET) and to "turn off" the radiating signal. FRET quenching is a reversible process that can be measured without any background interference from the PCR products or reagents in the reaction chamber [14] . Therefore, it can be used to monitor both the kinetics and the thermodynamics of the solid-phase hybridization reaction. Specifically, one can set up assays to observe the sequence-dependant probe-amplicon denaturing (melt) as a function of temperature. As shown in Fig. 1C , the shape and amplitude of such melt curves [19] from multiple probes can then be analyzed to identify the amplicon sequences and subsequently differentiate sequence and classify the species. Compared to solution-based methods, the array format is highly parallel and allows significant multiplex capability by virtue of (many) spatial coordinates, as opposed to (few) fluorophores and (few) instrument optical channels. Therefore, very complex and highly variable sequences can be identified using this NAAT method in a single reaction chamber.
Database generation
All available complete genome sequences for HEV and HRV strains capable of causing respiratory disease in humans were identified and downloaded from GenBank [25] . This search yielded 620 HEV and 37 HRV genomes (total ¼ 657).
PCR primer design
MUSCLE [26] was used to produce a multiple sequence alignment of all 657 genomes. Shannon entropy metric [27] was calculated at each position for the aligned sequences. Possible coordinates for the universal p R and p F primers were then selected by identifying two regions of relatively low sequence entropy that would afford amplicons <100 bases in length.
To select the sequences and locations of the primers, all possible sequences between 20-30 bases in length were generated using the consensus sequence in the selected regions. Subsequently, extensive thermodynamic simulations were conducted with Oligonucleotide Modeling Platform (OMP) Developers Edition (DE) software package (DNA Software Inc, Ann Arbor, MI) [28] , to identify thermodynamically optimal primer pair candidates (see Supplementary Data Section Table 1A and 1B for key parameters).
PCR primer verification
To verify the functionality and the performance of the p R and p F candidates, we tested eight commercially available HEV and HRV strains (see Supplementary Data Section Table 2 ) using conventional solution-based RT-qPCR methods. We required a PCR efficiency (p e ) [29, 30] of >90% for these eight HEV and HRV strains to establish inclusivity, and a threshold cycle (C t ) > 35 for the NTC (distilled water) samples. In addition, we tested both human background and non-HEV/HRV respiratory pathogens, and required C t > 40 in all cases to establish exclusivity (see Supplementary Data Section Table 3 ).
RT-qPCR was performed with lyophilized ZipScript One-Step RT-qPCR reagent (Enzymatics, Beverly, MA) in a total reaction volume of 25 Total nucleic acid extracts were tested in 10-fold dilution series, with starting RNA concentration ranging from 0.1 ng/ml to 2 ng/ml and starting DNA concentration ranging from 0.01 ng/ml to 0.2 ng/ml. Quantified RNA for Enterovirus71 Strain BrCr (VR-1775DQ) was obtained from ATCC (Manassas, VA). Nucleic acids from 2 to 4 strains were pooled together for nontarget testing. All RT-qPCRs were performed in triplicate and cycled on a CFX96 Touch (Bio-Rad, Hercules, CA) at 55 C for 5 minutes, 95 C for 3 minutes, followed by 45 cycles of 95 C for 15 seconds and 65 C for 30 seconds. Reaction specificity was assessed by conventional solution-phase (EvaGreen) melt curve analysis from 55 C to 95 C at 0.5 C/10 seconds immediately following the RT-qPCR. uMELT [31] was used to predict the melt curve and melt temperature of the 122-bp amplicon and for comparison to experimental data. Data was analyzed with Bio-Rad CFX Manager 3.1 software.
Solid-phase probe design algorithm
The following three-step probe design algorithm was employed: Selecting appropriate regions within the amplicon (step #1). Let us consider a set of N sequences (amplicons) composed of K species, each having n k entries in the database, where P K k¼1 n k ¼ N. The first step for solid-phase probe design for species k is to find regions within the amplicon that are similar within all n k sequence entries, but that differ from the other species. To do this, K separate multiple sequence alignments (one for each species) are created and a position probability matrix, denoted by P k 2 R 5Ân k , is created. The entries of the matrix denoted by
where i ¼ 1; 2; 3; 4; 5 f corresponds to {A, C, G, T,"-"}, respectively.
One key characteristic of this specific matrix is that the inner-product of its columns for species m and n, i.e., p m ðjÞ T p n ðjÞ, is a measure of similarity (correlation or cross-correlation) between the two species at coordinate j. One can further expand this concept and compute the correlation between the two species for a window of length w within the amplicons. This regional correlation function, denoted here by C m;n x; w ð Þ, is formulated as
where x is the starting location of the window on the alignment. To find an optimal probe region for species m, one scans the regions to find the maximum C m;m x; w ð Þ and sufficiently low C m;n x; w ð Þ's. Generating probe candidates (step #2). The next step is to create probe candidates for each region, to be down-selected later. We take advantage of the probability position matrix to create a super set of sequences that are likely to capture the sequences of the database. As exemplified in Fig. 2 , the entries of the probability position matrix ( Fig. 2A ) are used to construct a permutation tree (Fig. 2B) , with individual branches at sequence coordinates with multiple possible nucleobases [32, 33] . To do this, at the first coordinate the base with the highest probability is selected, then one moves to the second coordinate and selects the highest probability base there, moves to the next coordinate, and so forth. Later and through creating a new branch, the prior coordinates can be revisited to select the bases with the second highest probability by repeating the process. To ensure that probes capturing low abundance amplicons are not created, a probability threshold (0.2 for this work) is set and any base with lower probability is ignored.
Next, the number of probe candidates is reduced by identifying nonfunctional and outlier probes. OMP-DE thermodynamic simulations are performed to identify and remove any sequence having < 70% random coil structure and melt temperature (T m ) <55
C or >75 C with its fully complementary sequence.
Finally, all probes capable of discriminating between HEV and HRV amplicons are identified through OMP-DE thermodynamic simulations and the rest of the probes are removed. The parameter that is computed and used for this phase is p H , the heterodimer percentage, defined as the percentage of the probe in the duplex form with a given amplicon. To meet the inclusivity requirement, we set p H >80% for at least one of the database entries for the species to be detected by the probe, and for the exclusivity criteria we set p H < 2% for all other species that are not to be detected. Any sequence not meeting both these criteria simultaneously are discarded.
Probe set selection (step #3). In the final stage of the algorithm, a greedy search and elimination heuristic is implemented to find a set of probes that can collectively capture and detect all (or a reasonable high percentage of) the amplicon targets. For this purpose, one starts with a sequence set composed of probes that capture the highest percentage of amplicons for each species. Next, a modified database is created by removing the amplicons that are captured by the set. The same process is executed for the modified database and new probes are added for each species to the probe set. This process is continued until no further probe is necessary to meet the required percentage or the modified database is emptied. Figure 3A depicts our technique for maximizing the quenching probability (signal change) in the assay. The idea is to minimize the distance between the donor-acceptor FRET moieties and thereby promote contact quenching. The identification probe sequences include at their 3 0 -end a short sequence complementary to the 5 0 -end of the amplicon (p F ) and also a fluorophore construct (donor) at the 3 0 -terminus. As shown in Fig. 3B , after the amplicon hybridizes to the identification sequence, its 5 0 -dangling end can be captured by the "sticky end" of the probe to bring the fluorophore and quencher into proximity. It is important to recognize that the length of this "sticky-end" should be as short as possible since it can otherwise create undesired quenching if excess primers in the PCR are captured. OMP-DE thermodynamic simulations were performed to identify optimal "sticky-end" length and create IFT probes. To do this, thermodynamic parameters of the following three specific DNA-DNA hybridization reactions were computed: (i) IFT probe to p F , (ii) identification region of the probe to the amplicon, and (iii) the "sticky-end" clamp structure of the probe to amplicon, with melt temperature designations T (Fig. 3C) . This third quantity is computed through thermodynamic simulation of a single oligonucleotide that joins the "sticky-end" portion of the probe to a segment of the amplicon that begins at its 5 0 -end and ends at the 3 0 -end of the identification region binding site. Next, all possible "sticky-ends" with lengths 7-14 bases and complementary to the 5 0 -terminus of the amplicon were evaluated to meet the following criteria
IFT
Finally, candidates are ranked according to the highest difference between the melt temperatures of (3), and the top candidates are selected and graduated to experimental verification.
Array fabrication and probe printing (Fig. 3B) . Piezo type printing with a sciFLEXARRAYER SX (Scienion, Germany) was employed to deposit $100pL droplets at 200 mm pitch. Covalent coupling of the DNA probe to the epoxy functionalized surface was accomplished with a humidity-controlled overnight incubation (room temperature, 50% RH). Excess and unattached DNA probe was removed by extensive dilution with aqueous buffer, and any unreacted surface epoxy groups were simultaneously rendered inert with a Tris-buffered solution containing ethanolamine. We estimate the final surface probe density to be approximately 20 pmole/cm 2 (unpublished results). Printed substrates were stored in a desiccated nitrogen environment at 4 C until use, typically within $6 months. To create a biochip module, a laminated, flow-through acrylic fluidic cap with a capacity of $90mL was affixed to the substrate with silicone-based pressure sensitive adhesive.
The printed arrays used a 18 Â 14 grid pattern (252 spots) composed of 11 different IFT probes, each having 7 replicates (77 total). The remaining spots were taken up by reference probes for grid alignment, control probes for fluorophore signal calibration, process monitor probes, alternate probes that were not used and blank locations for pattern recognition (see Supplementary Data Section Figure 1 for additional details).
Measurement setup
The biochip module was mounted to a custom-built thermomechanical stage suitable for attachment to a microscope (Fig. 4A) . The stage consisted of a heat spreader plate for mounting the substrates, a high-temperature rated VT-199-1.4-0.8 Figure 3 : (A) IFT probe complexed structure to facilitate contact quenching; (B) IFT probe molecular structure; and (C) key constructs simulated for the design of the "sticky-end" length. Temperature accuracy within 61 C is achieved using TR67 thermistors (Oven Industries, Camp Hill, PA). Fluorescence images from the biochip module's array were collected with a Leica DMi8 inverted fluorescence microscope outfitted with an X-Cite 120LED light source (Excilitas Technologies, MA, USA), 2.5Â objective, FAM-TAM filter cube (Semrock, Rochester, NY) and QIClick CCD detector (QImaging, Canada) (Fig. 4B) . The temperature of the biochip module was controlled using a custom Peltier temperature controller. The microscope and temperature controller were controlled using a custom LabVIEW-based (National Instruments, Austin, TX) instrument interface and data acquisition application software, which permitted programming specific temperature and imaging profiles and collecting the generated data.
The contrast-enhanced array images (Fig. 4C) were denoised with an adaptive Wiener filter [34] and a circular Hough transform [35] was used to identify array features. The median of the pixel intensities from each spot and its surrounding local area was then used to calculate the background intensity, and subsequently subtracted from the signal intensity for each spot.
As shown in Fig. 4D , three analysis metrics were then computed based on the measured and averaged melt curves from identical probes, using a custom MATLAB code. The first metric was p Q , the quenching percentage, defined as the relative reduction in the fluorescent signal at the onset of the melt curve. The second metric was a Q , the quenching area, which is the total area above the melt curve. Finally, the third metric was T m , the observed melt temperature, which is computed by fitting two straight lines at the onset and plateau regions of the melt curve and computing the temperature at which the melt curve is in equal distances to the fitted lines [36] .
Array melt curve experiments
Asymmetric RT-PCR was performed in 25 ml reactions using lyophilized ZipScript One-Step mastermix, 300 nM excess primer, 50 nM limiting primer, and 5 ml of template. All primers were BHQ2 labeled (LGC BioSearch, Petaluma, CA) at the 5 0 -terminus.
Amplification was carried out on a CFX96 Touch (Bio-Rad, Hercules, CA) at 55 C for 5 minutes, 95 C for 3 minutes, followed by 30 cycles of 95 C for 15 seconds and 65 C for 30 seconds.
The two ATCC strains of purified RNA (VR-1775DQ and VR-1663D) were used with no additional treatment. The Zeptometrix RNA templates (NATRVP-IDI) were prepared by treating the cultured virus with Dynabeads Silane Viral NA Kit (Thermo Fisher p/n 37011D). Synthetic templates were obtained from Integrated DNA Technologies (Coralville, IA) as PAGEpurified Ultramers (lyophilized) and were resuspended in TE buffer. The concentration was then determined by OD260 on a DU-800 UV-Vis spectrophotometer (Beckman Coulter, Brea, CA). The stock was serially diluted down to 1 pM in 10 mM Tris buffer (pH 8.0 with 0.1% Tween-20), 5 ml of which was then added into 20 mL of the amplification reaction mixture.
For melt curve analysis, 90 ml of the pooled PCR product was added into the fluidic chamber of biochip module. Next, the module was mounted on the measurement setup. The thermal profile consisted of 3 minutes of denaturation at 95 C followed by 30 minutes at 55 C (Fig. 4E) . The 10-second interval imaging was performed for 2 minutes at the beginning and the end of the hybridization, and 1-minute imaging interval during hybridization.
For the melt step, the temperature was ramped from 55 C to 95 C over 25 minutes with imaging every 10 seconds.
Results and discussion
PCR amplification
As a demonstration of our method, we selected the longstanding problem of HEV and HRV differentiation. Figure 5A 
The underscored portion corresponds to the "sticky-end" section. shows the genomic structure of HEV and HRV, and Fig. 5B shows the sequence entropy of a section of their 5 0 -UTR, identified by our algorithms as an optimal coordinate for designing a universal HEV/HRV primer pair. Two very low-entropy regions were identified in this region for all 657 database sequences. These two regions are located $70 bases apart which makes them particularly appropriate for the design of p R and p F due to the modest amplicon length. As is apparent from the sequences listed in Fig. 5C , any selected primer in this region will unavoidably have mismatches with some of the database sequences. However, we designed five primer pairs with degenerate (mixed) bases using the previously described methods that were found to meet the in-silico PCR inclusivity criteria for the vast majority of sequences in the database, defined as >75% primer-template duplex formation in the PCR annealing conditions and >25% primertemplate duplex formation in the PCR annealing conditions. These primer candidates were experimentally tested in solution and ranked based on the criteria discussed in the "Materials and Methods" section. The top candidate p R and p F are listed in Table 1 and all candidate primers are  Supplementary Data Section Table 4 .
The RT-qPCR dilution series for the top primer pair is shown as an example for ATCC HEV 71 Strain BrCr template. Using this data set, p e , the PCR efficiency, was computed by comparing C t values across dilutions (Supplementary Data Section Figure 2 ). The response of the top primer pair to the presence of human background, influenza nucleic acids and no template control (NTC) is also shown in Supplementary Data Section Figure 2 .
Probe design
In Fig. 6 , an example of simulated hybridization melt curves for two HEV and HRV probe candidates are shown as part of the probe design algorithm step #2. Clearly, most of the sequences in the database can be differentiated in silico using just these two probes; however there are strains that exhibit p H values close to the threshold, and hence more probes are required to comprehensively differentiate all the sequences. Figure 7 illustrates the results of the third step of the probe design algorithm. Significantly diminishing coverage returns are observed after increasing the number of probes beyond five for both HEV and HRV strains. With the selected probes listed in Table 1 (Probe-HEV- [1] [2] [3] [4] [5] [6] and Probe-HRV- [1] [2] [3] [4] [5] ), a coverage of 100% and 97.3% for HEV and HRV amplicons were achieved, respectively. Table 2 lists the HEV and HRV strains selected for experimental validation of probes. In addition to three commercially available strains, 11 synthetic DNA templates were designed that collectively test the ability of the probe sets to detect the most challenging strains of the database. Specifically, to demonstrate the versatility of the method, we aimed to verify targets that are predicted to hybridize strongly to each probe (i.e. large inclusivity p H ), targets that are predicted to hybridize weakly (i.e. small inclusivity p H ), and targets from one species that are predicted to bind to probes for the other (i.e. high exclusivity p H ). Figure 8 shows the individual array-based melt curves for all probes for Target-HRV-E. The analysis parameters p Q , a Q , and T m are also shown. Clearly in this example, the HEV probes did not exhibit a melt curve, while four out of five HRV probes produced readily discernible melt curves, correctly predicting that the amplified target was in fact a HRV strain. Melt curves for the remaining 13 targets are shown in Supplementary Data Section Figures 3.1-3.13 .
HEV and HRV array-based differentiation experiment
A summary of experimental results for all 14 targets of Table 2 is shown in Table 3 . In this table, all three analysis metrics are reported. Furthermore, probe responses for each metric that corresponds to the presence of a melt curve are highlighted. The probes all behave as expected and correctly differentiate the selected HRV and HEV strains. For example, according to Table 2 , one should expect strong affinity of Target-HRV-E to Probe-HRV-2 and Probe-HRV-5, and weaker binding to Probe-HRV-1 and Probe-HRV-4.
Finally, a scoring parameter is defined, denoted here as S, to represent the collective result of the solid-phase melt curve experiment. S is formulated by
where S > 0 corresponds to the detection of HEV, while S < 0 corresponds to the detection of HRV strains. In Fig. 9 , the computed S of all 14 experiments vs. the template list is reported and shows the correct species differentiation for all examples. The array-based melt curve method described here successfully detected and differentiated a challenging collection of closely related HEV and HRV viral strains. To our knowledge, this is the first report of such PCR-based HEV/HRV differentiation. Systematic in silico primer/probe design identified high-performing and experimentally validated sequences. Using the approaches described here, we have recently developed a 26-plex assay broadly focused on clinically relevant upper respiratory pathogens (unpublished results). We expect that these methods will be generalizable to other diverse NAAT applications. The "sticky end" probe construct and IFT method enables a homogenous (closed tube) assay not requiring postamplification addition of reagents or wash steps. Although the closed-tube nature of the assay is particularly important for clinical diagnostic PoC applications, the algorithms and methods described here will also find use in research applications that require a high degree of multiplex and specificity compared to conventional solution-phase hydrolytic probe (i.e. TaqMan) chemistry. The array-based format allows for significant multiplexing and parallel melt curve data collection for each probe: amplicon complex represented on the array. Embedded within each melt curve is rich thermodynamic information that 
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